Background Currently, we are not aware of a method to assess graphically on one simple plot agreement between more than two observers making continuous measurements on the same subjects.
Introduction
Measurement in medicine and other disciplines is critical for diagnosis, assessment in clinical trials and informing clinical and experimental decision-making. In most cases, measurement is not perfect and we are willing to accept some level of error. However, there is a limit to how much error we are willing to accept. In this regard, studies that estimate the amount of error associated with a particular method of measurement are critical to our understanding of the limitations of that method. For example, the accuracy of the measurement of a person's blood pressure can have implications for whether they are diagnosed as hypertensive (or hypotensive) and the treatment they receive. An important consideration with regards to the evaluation of a method of measurement is the agreement over a range of patients or subjects and a range of observers. Agreement in this context refers to the closeness between the measurements and a standard, reference or the true value. 1 This construct of closeness is a combination of validity (how close the measurement is to the truth) and precision (how close the measurements are to each other). This is the focus of this article, which details the assessment of agreement between multiple (two or more) observers making continuous measurements.
The methodology that we propose is applicable for investigating one measurement method with multiple observers. Most simply, each observer would measure each patient or subject once; therefore, we are primarily interested in whether measurements from different observers can be used interchangeably. Observers could be people or possibly different laboratories or devices. The methodology could also be used in the case of one observer repeatedly measuring the same group of subjects (intra-observer agreement) or in the case of comparing multiple methods of measurement.
In studies that assess the reliability of multiple observers using continuous measurements, the intra-class correlation (ICC) is often used. Variation in continuous measurements as measured by multiple observers can be broken down into two components: between-subject variation, and between observer variation. The ICC is a measure of the proportion of total variation that is between subjects variation. Therefore, if variation due to subjects far outweighs variation due to observers then ICC will be close to one, indicating high reliability between observers. Conversely, if variation due to observers is large compared with the variation between subjects then ICC will be closer to zero, indicating poorer reliability between observers. Hence reliability is affected by the choice of sample. There are multiple types of ICC 2, 3 and these can be computed using analysis of variance (ANOVA) models.
It is important here to distinguish between reliability and agreement. Agreement between observers is a fixed construct whereas reliability will vary depending on the variability of the subjects being assessed. 4 Therefore, in samples with higher between-subject variability, reliability will tend to be higher but agreement will remain stable. Reliability is particularly important for measurements that are used to distinguish between subjects whereas agreement is especially important for measurements that aim to distinguish changes within subjects, for example. These two related concepts collectively come under the umbrella of reproducibility which is defined as the closeness between observations made under conditions other than pure replication, e.g. by different observers. 1 The examples presented later will illustrate more explicitly the difference between agreement and reliability.
In the case of two observers (or methods), Bland and Altman 5 proposed a method for assessing agreement. The Bland-Altman analysis for two observers involves calculating the difference in measurements between the two observers as well as the mean measurement of the two observers for each subject in the sample. The mean difference between the two observers can be estimated as well as 95% limits of agreement that represent limits of how different the measurements of the two observers could plausibly be for a subject. A plot of the differences (y-axis) against the means (x-axis) with the 95% limits of agreement superimposed allows investigation of whether agreement is consistent over the range of the measurements. This can be very illuminating and cannot readily be evaluated using scaled measures such as ICC. In the case of more than two observers, multiple pair-wise Bland-Altman plots can be used to visually inspect agreement between observers; however, this is a cumbersome procedure that can involve a large number of plots (three plots for three observers, six plots for four observers, 10 plots for five observers, and so on). Generalization of the Bland-Altman method for more than two observers has been proposed; 6 however, the data cannot be plotted on one simple graph. Therefore, we propose a modification to the Bland-Altman type methodology that can be used for more than two observers and retains the ability to evaluate consistency of agreement over different magnitudes of continuous measurements using just one plot. We have called our proposed estimates the 'limits of agreement with the mean' to accurately reflect what they are but also to differentiate them from the Bland-Altman 'limits of agreement'.
Proposed method
In the case of n 5 2 observers and m subjects:
is plotted against y j (x-axis) where y refers to the measurements, y refers to the mean measurement, i refers to observers and j refers to subjects (so y j is the mean of the measurements for subject j). Each observer can be distinguished in the ASSESSING AGREEMENT BETWEEN MULTIPLE OBSERVERS WITH CONTINUOUS MEASURES plot with a different symbol or colour. The 95% limits of agreement with the mean are estimated as AE 1.96 Â s, where s is an estimate of the standard deviation (for all possible observers) and can be evaluated as the square root of the variance of the differences. The variance of the differences can be estimated as shown in the formula below.
where d i is the mean difference for observer i. The calculations can be performed in a spreadsheet such as Microsoft Excel; however, the variance estimate can more easily be obtained from the output of a two-way ANOVA. The examples provided later will show how this can be done. The plot itself could be produced in Excel or any other graphical software that allows line plots overlayed on scatter plots. We have added the zero line to aid visualization. In the examples that follow, we have used the two-way graph procedure in Stata/IC 10.1 for Windows (StataCorp LP, College Station, TX, USA).
In contrast to the Bland-Altman methodology, the mean difference between the observers is not estimated, but rather the difference between each observer and the overall mean for the subject is estimated. Systematic differences between observers can be investigated using an ANOVA prior to constructing the plot. The clinical significance of any apparent differences between observers should also be investigated. If there is evidence that the observers are systematically and clinically different, then a number of options could be considered. For example, if one observer is a clear outlier, then this outlying observer's data could be excluded in a sensitivity analysis to determine the effect of this observer on the estimated limits of agreement with the mean. However, dropping observers is not generally recommended, as this could have implications for the generalizability of the results.
The interpretation of the proposed limits of agreement with the mean is different from that based on the Bland-Altman analysis for two observers. The Bland-Altman limits of agreement represent the limits of how different the measurements of the two observers could plausibly be for an individual subject. For the proposed methodology, the limits of agreement with the mean represent how different an individual observer could be compared with the mean measurement of all the observers. This is consistent with Barnhart et al.'s 1 definition of agreement as assessing precision around the mean of the readings.
The proposed limits of agreement with the mean are related to the Bland-Altman limits of agreement in the following way. The estimate of the population standard deviation used to construct the proposed limits of agreement with the mean, s, is the same as the reproducibility standard deviation in International Organization for Standardization (ISO). 7 The ISO-defined reproducibility limit is 1.96 Â p 2 Â s, where the p 2 multiplier is used to encompass the difference between the observers 'measurements rather than the difference between the observers' measurements and the mean. Thus in the case of two observers the reproducibility limit is the same as the Bland-Altman limit. Examples of the proposed methodology are given below. 8 The measurements were performed on computed tomography (CT) scans according to World Health Organization criteria. The data in Table 1 show descriptive statistics on the 40 measurements for each of the five readers. There is moderate variation between the means of the five readers; however, there are no obvious outliers, and variation within readers is consistent. ANOVA shows strong evidence of a systematic difference between readers (F[4,156] ¼ 10.7, P < 0.0001), whereas the ICC ¼ 0.84 indicates that readers are able to reliably measure the lesions included in this study. The residual mean-squared error (MSE) obtained from a two-way ANOVA, where lesions and readers are entered as factors, is equal to the variance defined above and is equal to 0.33 cm. The square root of this variance estimate is equal to the ISO reproducibility standard deviation and leads to estimated limits of agreement with the mean of À1.1 to 1.1 cm. The limits of agreement with the mean show no obvious relationship with average tumour size although it appears some tumours are associated with tighter agreement than others (Figure 1 ). In fact, in the conclusions of the original study report, 8 the authors state that: 'measurement differences are greatest when the edge of the lesion is irregular or spiculated and differences are smallest when the edge is well defined'. The estimated limits of agreement with the mean of À1.1 to 1.1 cm indicate that individual readers can be discordant with the mean estimated tumour size by as much as 1.1 cm. This discordance is clinically significant as reported in the original study abstract which states: 'Measurements of lung tumor size on CT scans are often inconsistent and can lead to an incorrect interpretation of tumor response'.
Examples
Example 2: data on 10 patients and four examiners in a dental reliability study In a dental reliability study, four different examiners assessed 10 patients for DMFS scores (number of decayed, missing and filled surfaces of a patient's permanent teeth). 9 Descriptive statistics are provided for the four examiners in Table 2 . ANOVA showed strong evidence of a systematic difference between examiners (F[3,27] ¼ 11.2, P < 0.0001) and it can be seen in Table 2 that the mean score for Examiner 3 appears quite different from the mean scores of the other three examiners; however, the standard deviations are consistent. It may be appropriate that Examiner 3 be recommended for re-training; however, in the absence of further information on this examiner, we have included all four examiners in the analysis. Figure 2 shows that the variation between patients is much higher than variation within patients (between examiners), and ICC ¼ 0.92. The MSE obtained from a two-way ANOVA, where patients and examiners are entered as factors, is equal to 2.76 and the estimated limits of agreement with the mean are À3.3 to 3.3 ( Figure 3) . A sensitivity analysis where Examiner 3 is dropped from the analysis makes little difference to the estimated limits of agreement with the mean (data not shown). Figure 3 shows that the outlying examiner appears to be over-estimating 
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compared with the other three examiners. In addition, there is some indication of worsening agreement as average DMFS increases; however, this appears to be mainly due to the agreement of Examiner 3 with the other three examiners worsening for higher average DFMS. The estimated limits of agreement with the mean imply that the examiners agree to within 3.3 of the average when assessing the number of decayed, missing and filled surfaces of a patient's permanent teeth. This variation between examiners could have important quality of care, as well as cost, implications for treatment delivered to patients, assuming this result is generalizable.
Example 3: assessment of six observers of stuttering severity in 45 stuttering subjects A final example demonstrates the method for determining agreement between six expert observers measuring stuttering severity for 45 adult subjects.
10
Stuttering severity was assessed using a rating scale from 1 to 9 where 1 indicates no stuttering and 9 indicates extremely severe stuttering. There is some evidence of a systematic difference between observers (F[5,220] ¼ 4.49, P ¼ 0.0006) based on ANOVA; however, observers' mean severity ratings are clinically similar (within 0.5 of each other) and standard deviations are consistent ( Table 3 ). The ICC is equal to 0.89 indicating very good reliability. Based on a two-way ANOVA, the reproducibility standard deviation is 0.75 and the limits of agreement with the mean are estimated to be À1.5 to 1.5. These limits of agreement imply experts at rating stuttering severity may differ from the mean severity rating for an individual by as much as 1.5 units. Figure 4 shows the agreement with the mean appears to be better for subjects with low and high average severity ratings but poorer for subjects with intermediate severity ratings ( Figure 4) . We speculate that this may be because it is easier for observers to assign a severity rating at the extremes of the stuttering distribution compared with the middle of the distribution. However, when a measurement is constrained between two values, reduced variability between observers is often apparent at the extremes.
Discussion
We have shown how the Bland-Altman graphical method of assessing agreement can be modified and then extended in order to graphically assess agreement between two or more observers. In the proposed method, the limits of agreement are estimated in relation to the mean of the observers. We argue that this is more appropriate for assessing agreement between observers than the Bland-Altman approach (which is more suitable for comparing two methods of measurement). We additionally recommend routinely including descriptive data on the individual observers as illustrated in Tables 1-3 to supplement the agreement plot. Our proposed method is consistent with the definition of agreement given by Barnhart et al. 1 who suggest that an agreement is the process of assessing precision around the mean of the readings. In the case where the mean of the readings can be shown to be a good estimate of the true value then the proposed method of agreement could be considered estimating agreement with the truth. In addition, the proposed 95% limits of agreement with the mean are based on an estimate of standard deviation that is the same as that defined by ISO as the reproducibility standard deviation.
This methodology could also be used to estimate intra-observer agreement in studies where the same observer repeatedly measures the same group of subjects, in studies where the observers are different laboratories or devices, or in studies that compare multiple methods of measurement. In our search for studies that assessed agreement or reliability of multiple observers using continuous measures, we found very few studies that included more than two observers. We speculate that this could be due to the limitation of the Bland-Altman methodology as previously discussed. Therefore, we hope that our proposed method will encourage researchers to design reliability and agreement studies with more than two observers and that these observers are representative of those who will make the measurements in routine practice. When assessing agreement on measures that show heterogeneous variation, a transformation that stabilizes the variance may be appropriate. A test for heterogeneous variance such as Levene's test or BrownForsythe's test 11 may be useful in this context. The log transformation can be particularly useful in stabilizing the variance 12 and this transformation has the important feature that estimated limits of agreement with the mean on the log scale can be back transformed using the exponential function to produce estimates on a relative (multiplicative) scale. Unfortunately, other transformations that may stabilize variance do not have this useful feature, and hence, would be of limited use in the current context.
In conclusion, the ICC is a commonly used and a useful summary measure of reliability between multiple observers of continuous measurements. The ICC provides a single number description of the reliability. The graphical method of assessing agreement presented here is a useful additional tool that can provide important information not provided by the ICC. It enables visual inspection of the relationship between inter-observer (or intra-observer) agreement and magnitude of the measure. In addition, the limits of agreement with the mean can be estimated and convey how far from the mean an individual measurement might plausibly be.
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